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A B S T R A C T  

Accumulation of calcium in the mitochondria of rat liver parenchymal cells at 16 and 24 
hours after poisoning with carbon tetrachloride is associated with an increase in amount of 
liver inorganic phosphate, the persistence of mitochondrial adenosine triphosphatase ac- 
tivity, and the formation of electron-opaque intramitochondrial masses in cells with in- 
creased calcium contents. These masses, which form within the mitochondrial matrix 
adjacent to internal mitochondrial membranes, resemble those observed in isolated mito- 
chondria which accumulate calcium and inorganic phosphate; are present in a locus 
similar to that of electron opacities which result from electron-histochemical determination 
of mitochondrial ATPase activity; and differ in both appearance and position from 
matrix granules of normal mitochondria. After poisoning, normal matrix granules dis- 
appear from mitochondria prior to their accumulation of calcium. As calcium-associated 
electron-opaque intramitochondrial masses increase in size, mitochondria degenerate in 
appearance. At the same time, cytoplasmic membrane systems of mid-zonal and centri- 
lobular cells are disrupted by degranulation of the rough endoplasmic reticulum and the 
formation of labyrinthine tubular aggregates. The increase in amount of inorganic phos- 
phate in rat liver following poisoning is balanced by a decreased amount of phosphopro- 
rein. These chemical events do not appear to be related, however, as the inorganic phos- 
phate accumulated is derived from serum inorganic phosphate. 

Mitochondria isolated from liver and kidney of 
normal animals sequester up to several hundred- 
fold their normal calcium content when this alka- 
line earth is presented to them in vitro (4, 5). Inor- 
ganic phosphate accumulates concurrently, under 
these conditions, in a metabolic process which 
requires either adenosine triphosphate (ATP) or 
an electron transport-linked translocation of inor- 
ganic phosphate from the medium to the mito- 
chondrial matrix (2, 6). The continued uptake of 
calcium and phosphate by mitochondria results in 

the appearance of electron-opaque masses within 
the mitochondrial matrix (2, 7). 

As a consequence, it has been postulated that 
mitochondria take part in the translocation of 
calcium and phosphate in normal cells (4, 5). 
Indeed, similar granules are observed in osteo- 
clasts of normal bone (8), have been described in 
calcium phosphate-sequestering tumors (9), and 
appear in renal tubular epithelium following the 
administration of parathormone (10). Although 
calcium uptake by mitochondria has been most 
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extensively studied, other metals such as barium 
and strontium are deposited within mitochondria 
of epithelial cells in vitro (7), and iron accumulates 
intramitochondrially within erythroblasts in vivo 
(ll). 

Thc scqucstering of calcium by livcr parenchy- 
real cells also occurs following poisoning by chem- 
ical agents such as carbon tetrachloridc (12), thio- 
acetamide (13, 14), dimethylnitrosamine (12), 
and phosphorus (14). Intracellular calcium accu- 
mulation in carbon tetrachloride poisoning is 
localized to mitochondria (12, 15), is associated 
with continuing mitochondrial  respiration in 
calcium-sequestering cells (12, 16), and is accom- 
panied by an apparent activation of an alkaline 
earth~tependent  mitochondrial adenosine triphos- 
phatase (ATPase) (17). At the same time, lead- 

stainable cation-binding sites appear within the 
cytoplasm of the cells involved (12). Continued 
accumulation of calcium by mitochondria results 
in failure of their respiration and ultimate disinte- 
gration of this organelle (12, 16). 

Electron-opaque calcium-containing masses also 
form within the matrix of mitochondria of mid- 
zonal and centrilobular parenchymal cells as a 
consequence of carbon tetrachloride poisoning. 
The present study examines in detail this cyto- 
chemical event, which occurs between 8 and 24 
hours after the oral administration of hepatotoxin. 

M E T H O D S  

Healthy young male rats (Charles River Breeding 
Laboratories, Boston, Massachusetts) weighing be- 
tween 150 and 250 grams were maintained on a diet 

Key to Abbreviations 

c, central vein 
Ca, intramitochondrial calcimn-associ- 

ated electron-opaque mass 
G, Golgi apparatus 
LTA, labyrinthine tubular aggregate 
Li, lipid droplet 
Mb, microbody 
MG, mitochondrial matrix granule 
Mt, mitochondrion 

N, nucleus 
p, portal triad 
PM, plasma membrane 
Rp, polysomes 
R/, ribosomes, free 
Rer, granular endoplasmic reticulunl 
Ser, agranular endoplasmic reticulum. 
Vc, vacuole 

FIGURES 1 TO 6 Light microscope illustrations of alterations in periportal (Figs. 1 to 3) 
and centrilobular (Figs. 4 to 6) cells following poisoning with carbon tetrachloride. 
Osmium tetroxide fixation; Epon-embedded 1-# sections; staining with toluidine blue 
0 in borax. )< 1500. 

Fig. 1. Mitochondria in periportal cells of controls appear as short rods 1 be in smallest 
diameter. 

Fig. ~. Sixteen hours after poisoning. Mitochondria of periportal cells are similar to 
those of controls. Increased amount of cytoplasmic fat is present, however, and the cyto- 
plasm of many periportal cells is diffusely vacuolated. 

Fig. 3. Twenty-four hours after poisoning. Mitochondria of periportal cells are elon- 
gated and minute osmiophilic droplets appear in previously optically enapty vacuoles of 
diffusely vacuolated cells seen at 16 hours (Fig. ~). 

Fig. 4. Mitochondria in centrilobular cells of controls are more filamentous than those 
of periportal cells. (39 beg Ca/gin liver.) 

Fig. 5. Sixteen hours after poisoning. Mitochondria of most centrilobular cells are 
spherical; nucleoli are absent. Large cytoplasmic droplets of lipid are present. Numerous 
punctate intensely basophilic deposits are present within nlitochondrial remnants of 
occasional cells which correspond to those staining for increased calcium. (101 beg Ca/gin 
liver.) (Compare with Fig. ~0.) 

Fig. 6. Twenty-four hours after poisoning. Plasma membranes of centrilobular cells 
are pulled away from one another, and mitochondria of many more cells contain punctate 
basophilic deposits. Nuclear chromatin is reduced to rounded basophilic masses. Macro- 
phages and extravascular erythrocytes are also present. (680 beg Ca/gm liver.) 

54 THE JOUnNAL OF CELL BIOLOGY * VOLUME ~5, 1965 



EDWARD S. REYNOLDS Liver Parenchymal Cell Injury. I II  55 



of Purina chow and water  ad libitum. Replicate rats 
were killed by decapitation and exsanguination 16 
and 24 hours after the oral administration by poly- 
ethylene s tomach tube of a single oral dose of ana-  
lytical grade carbon tetrachloride, 0.25 ml in an 
equal volume of mineral oil per 100 grams of animal. 
Control animals received mineral  oil alone and were 
killed at 24 hours. All animals were fasted for 16 hours 
before sacrifice. 

For morphologic and histochemical studies, the 
left lateral lobe of the liver was removed immediately 
and sliced. Some slices were cut into minute cubes 
measuring less than 2 m m  in greatest dimension, and 
the cubes were fixed in collidine-buffered osmium 
tetroxide (18) containing 0.125 M sucrose and 0.005 M 
calcium chloride. Omission of calcium from the 
s tandard fixative or use of phosphate-buffered osmium 
tetroxide (19) failed to preserve the electron-opaque 
deposits formed within the mitochondrial  matrix 
following poisoning with carbon tetrachloride. In  
addition, cubes of liver quenched in liquid propane 
at 90°K were either freeze-dried (220°K) (20) or 
freeze-substituted (190°K) in acetone, or in acetone 
containing 1 per cent osmium tetroxide. U p o n  
completion, tissues were warmed to room tempera-  
ture and embedded  in Epon. Unsta ined and lead 
ci t rate-stained sections (21) of Epon-embedded  (22) 
liver were examined in an R C A  E M U  3F or 3G 
microscope. Thick sections (1 micron) from blocks 
examined in the electron microscope were stained 
with toluidine blue O (23) for light microscopy. 

Slices of liver adjacent  to those taken for electron 
microscopy were frozen and sectioned with a hollow- 
ground steel knife in a Master-Bilt cryostat. Serial 
fresh-frozen sections, 6 to 10 microns thick, were 
picked off the knife on warm clean coverslips and 
stained immediately,  or placed in appropriate  incu- 
bation media. 

Cryostat and plastic sections of liver were stained 
with alizarin red S for calcium (20, 24) and with 
lead nitrate for inorganic phosphate  (25). 

Mitochondrial  and bile canalicular ATPase 
activity distribution within the liver lobule was 
determined in fresh-frozen sections at p H  7.4 by the 
method of Wachstein and Meisel (26). Unde r  these 
conditions, ATPase activity of mitochondria  of nor- 
real livers is dependent  upon magnesium (10 -2 M), 

and st imulated by the presence of 2,4-dini trophenol  
(DNP) (5 X 10--4M) (27). Addit ion of exogenous 
suecinate (10 -2  M) does not affect the histochemical 
determinat ion of ATPase activity in sections of 
either control or experimental  animals. Cyanide 
(10 -2 M) abolishes both  bile canalicular and mito- 
chondrial  ATPase activities. 

Glucose-6-phosphatase activity was stained by the 
method of Wachstein and Meisel (28) in cryostat 
sections of liver. Acid and alkaline phosphatase 
staining patterns were determined by the methods 
of Gomori  (25). Thiamine pyrophosphatase was 
stained by the method of Eranko and Hasan (29) 
and inorganic pyrophosphatase (pH 7.3) by the 
method of Kura t a  and Maeda  (30). 

Acid-soluble phosphates, lipid phosphate,  nucleic 
acid phosphate,  and protein phosphate were sepa- 
rated by a Schmidt -Thannhauser  procedure (31) 
modified as follows: All steps were carried out at 
0 -4°C unless otherwise indicated. Immedia te ly  after 
sacrifice of the animal, the liver was removed and 
pulped in a hand press, and samples of liver pulp 
weighing less than 1 g ram were placed directly in 
0.3 M perchloric acid. The supernatant ,  containing 
inorganic phosphate and acid-soluble organophos- 
phates, was decanted after centrifugation and the 
pellet washed twice with fresh aliquots of 0.3 M per- 
chloric acid. After extraction of lipids from the 
pellet with ethanol and 3:1 ethanol:diethylether ,  
nucleic acids were solubilized from the pellet with 
hot (100°C) neutral 10 per cent sodium chloride 
(32). The remaining protein residue was dried to 
constant  weight (at 104°C) and dissolved in 10 per 
cent  potassium hydroxide. Recoveries of liver phos- 
phoprotein  were reduced when there were delays 
between the death  of the animal and the perchloric 
acid precipitation step. 

Inorganic phosphate in the acid-soluble fraction 
of the liver pulp and blood serum was determined 
directly by the method of Fiske and SubbaRow (33). 
Total  liver phosphate  and liver acid-soluble phos- 
phate,  lipid phosphate,  nucleic acid phosphate,  and 
protein phosphate  were determined as inorganic 
phosphate  after fusion with ethanolic magnesium 
nitrate of aliquots containing less than 1 mg nitrogen 
(34). 

Uptake of inorganic p32 by inorganic and organic 

lq~IGURE 7 Part  of cytoplasm of two adjacent midzonal liver parenchymal cells of a 
normal fasted animal. In one, on the left, parallel strands of granular endoplasmic reticu- 
lum form ergastoplasm. Numerous interconnections with smooth endoplasmic reticulum 
are present in both cells. Mitochondria, short rods in the plane of section, are slightly 
denser than adjacent cytoplasm and contain numerous (3 to 15) freely dispersed, small 
(300 A), irregular electron-opaque granules within their matrix. X 16,000. 

Inset. Mitochondrial matrix granules consist of clusters of electron-transparent sub- 
units (--~ 75 A in diameter) embedded within an electron-opaque mass. X 115,000. 
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T A B L E  I 

Calcium and Phosphate Content of Livers of Rats Following Poisoning with Carbon Tetrachloride 

Phosphate 

Acid soluble 
Interval after 

poisoning Calcium Inorganic Total Protein Lipid Nucleic acid Total 

Control (7) 0.030 0.32 0.84 
SEM -4-0.001 4-0.02 4-0.03 

16 hours (5) 0.20* 0.43* 1.14;~ 
sE M 4-0 .07  -4-0.05 4 -0 .04  

24 hours (8) 0.57~ 0.54~ 1.10" 
S~M 4-0.06 4-0.06 4-0.08 

I~mole/mg N 
0.43 1.00 0.71 

4-0.06 -4-0.03 4-0.03 
3.23 

4-0.08 

0 . 3 0  1 .09  0 .63  3 .35  
4-0.03 4-0.04 4-0.06 4-0.11 

0.22* 0.99 0.62 3.29 
4-0.05 -4-0.05 4-0.03 4-0.10 

Number in parentheses is number of animals examined at each time. 
SEM = standard error of the mean. 
* P, 0.05. 

P, 0.01. 

phosphate components of liver during the period 
between 16 and 24 hours after poisoning, when cal- 
cium uptake by the liver is maximal, was determined 
as follows: Control animals and experimental animals 
were fasted from the time mineral oil, or the standard 
dose of carbon tetraehloride in mineral oil, was 
administered. At 16 hours, animals of both groups 
were injected intraperitoneally with 1.0 ml of a 0.90 
per cent saline solution containing 200/zc carrier-free 
Na2HP3204. Control and experimental animals 
were decapitated at 24 hours, blood was collected 
from the neck in a beaker containing 5 nag disodium 
ethylenedian'finetetraacetate (Na2 EDTA), and the 
liver was immediately excised and analyzed for phos- 
phate contents--acid soluble, lipid, nucleic acid, 
and protein, p32 contents of these fractions were 
counted at infinite thickness (0.00085 gm/cm 2) in a 
gas-flow thin window counter. Liver inorganic phos- 
phate in the acid-soluble fractions and serum inor- 
ganic phosphate were isolated by elution from Dowex 
1 columns with 0.02 N HCI. Aliquots of eluate frac- 
tions were analyzed colorimetrically for inorganic 
phosphate and counted for p32. As a general rule, at 
least 95 per cent of the radioactivity and phosphate in 
total liver phosphate was recovered in the inorganic 

and organophosphate fractions of control and experi- 
mental livers. 

Aliquots of liver pulp were also analyzed for cal- 
cium (35) and nitrogen (36). Coefficients of varia- 
tion for the colorimetric determinations of calcium, 
nitrogen, and phosphate were 3 per cent. 

R E S U L T S  

Livers of control rats (Figs. 1, 4, and 7) do not 
differ substantially from normal rat  livers previ- 

ously described (24, 37, 38). The uniform deple- 
tion of glycogen and the presence of abundant  
smooth endoplasmic reticulum in control animals 
which were given only mineral  oil can be attrib- 
uted to their forced fast of 16 hours before sacrifice 
(37). Microbodies, consistently present in paren- 
chymal cells of control animals, do not increase 
in number  or alter their appearance during the 

period of poisoning studied. 
Striking structural, functional, and composi- 

tional alterations of the mitochondria and endo- 

plasmic reticulum of liver parenchymal cells occur 

in the first 24 hours after the administration of a 
single oral dose of carbon tetrachloride. These 

FIGURE 8 Sixteen hours after poisoning with carbon tetrachloride. Cytoplasmic mem- 
brane systems of centrilohular liver parenchynlal ceils are severely disrupted and form 
large labyrinthine tubular aggregates. Numerous non-membrane-attached ribosomes are 
present in the cytoplasm. Although mitochondria are of normal density and size, matrix 
granules are either absent or reduced in number in the plane of section. X 11,000. 
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changes which accompany the massive influx of 
calcium into liver parenchymal cells (Table I) 
(12, 15, 16) are described in the order of their 
light and electron microscopic appearances and 
associated altered histochemical and compositional 
parameters. 

Light Microscopy 

Generalized cytoplasmic staining of centrilobu- 
lar liver parenchymal cells with toluidine blue O 
progressively decreases during the first 24 hours 
after poisoning with carbon tetrachloride (Figs. 5 
and 6) and that of periportal parenchyma in- 
creases in intensity (Figs. 2 and 3) (12). Con- 
comitantly, an increased amount of lipid accumu- 
lates within the cytoplasm of both periportal and 
centrilobular parenchyma (Figs 2, 3, 5, and 6). 
In spite of decreased cytoplasmic staining, nuclei 
of centrilobular cells appear normal at 16 hours 
and membranes of adjacent cells are adherent 
(Fig. 5). At 24 hours, however, nuclear chromatin 
of cells in this zone is aggregated into discrete 
intensely basophilic masses, and plasma mem- 
branes of adjacent cells are separated (Fig. 6). 
Highly vacuolated cells containing many optically 
empty vacuoles in the periportal zones 16 hours 
after poisoning (Fig. 2) often contain punctate 
lipid droplets within these vacuoles at 24 hours 
(Fig. 3). 

The accumulation of calcium in rat livers dur- 
ing the period from 8 to 24 hours after the oral 
administration of carbon tetrachloride (Table I) 
(12, 15, 16) is associated with the appearance of 
granular cytoplasmic deposits in midzonal and 
centrilobular liver parenchymal cells which stain 
intensively for calcium (Fig. 21) (12). These de- 
posits, preserved by the methods of fixation and 
embedding for electron microscopy employed in 
this study, 1 also stain as punctate intramitochon- 

The intensity of staining of intramitochondrial 
masses with alizarin red S after fixation with aqueous 

drial deposits (Figs. 5 and 6) with toluidine blue 
O, a cationic dye with a known affinity for cal- 
cium-binding sites in tissues (40). Initially, when 
liver calcium content is increased only severalfold. 
intramitochondrial deposits staining intensely 
with alizarin red S (12) and toluidine blue O 
(Fig. 5) are localized in a few scattered midzonal 
parenchymal ceils. With time and progressive in- 
creases in liver calcium content, granules in in- 
creasing numbers of midzonal and centrilobular 
ceils stain both positively for this alkaline earth 
and with toluidine blue O until at 24 hours, when 
liver calcium content is increased twentyfold 
(Table I), all cells in the centrilobular half of the 
liver lobule stain intensely for this metal  (Fig. 21) 
and its binding sites (Fig. 6). 

Electron Microscopy 

Mitochondria of the parenchymal cells of liver 
in control animals are slightly more electron 
opaque than adjacent cytoplasmic matrix and 
contain up to ten irregular electron-opaque matrix 
granules (300 to 400 A in diameter) per cross- 
section of mitochondrion (Fig. 7). These granules, 
which are normally found within mitochondria, 
are usually not associated with cristae mitochon- 
driales (Fig. 7) in the plane of section and consist 
of aggregates of round or cylindrical electron- 

osmium tetroxide is reduced as compared with 
results with frozen-dried or frozen-substituted mate- 
rial (12). Decreased staining with alizarin red S is 
due to displacement of calcium from its binding site 
within the mitochondrion and extraction of calcium 
from the tissue during aqueous fixation (39). Increas- 
ing the concentration of calcium in the fixative 
tends to increase the intensity of alizarin red S stain- 
ing of intramitochondrial masses toward that found 
in comparable frozen-dried or frozen-substituted 
material. Lead staining of intraufitochondrial masses, 
diminished after aqueous fixation, is also better pre- 
served in fixatives with high calcium contents (39). 

FIGURE 9 Cytoplasm of nfidzonal liver parenchymal cell 16 hours after poisoning. Small 
labyrinthine tubular aggregates are forming, and free ribosomes are seen in the cytoplasmic 
matrix. Normal matrix granules are present within mitochondria. )< 4~,000. 

FIGURE 10 Cytoplasm of midzonal liver parenchymal cell ~24 hours after poisoning. 
Part of large labyrinthine aggregate is present at left. Free ribosomes are present in the 
cytoplasmic matrix. Normal matrix granules are absent from mitochondria. >( 4~2,000. 
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transparent bodies (---- 75 A in diameter) within 
more electron-opaque material (Fig. 7, inset). 

Within 16 hours after carbon tetrachloride poi- 
soning (Figs. 8 and 10), normal matrix granules 
in the mitochondria of mid- and centrilobular 
parenchymal cells decrease in number  and size. 
Indeed, many mitochondria in centrilobular cells 
contain no matrix granules at all in the plane of 
section (Fig. 10). In striking contrast, mitochon- 
drial granules are not decreased in number  peri- 
portally at this time or at 24 hours (Figs. 9 and 17). 

Electron-opaque masses (1000 to 2000 A in 
diameter) appear within mitochondria (Figs. 11 
to 16) of midzonal and centrilobular cells which 
correspond in number,  distribution, and appear- 
ance to those parenchymal cells staining positively 
for calcium and calcium-binding sites at 16 and 
24 hours after poisoning (12) (Figs. 5, 6, 21, and 
22). These masses, which differ in appearance 
and position from matrix granules normally pres- 
ent, are first observed as small clusters of electron- 
opaque granules in the mitochondrial matrix im- 
mediately adjacent to (Figs. 11 and 13) or on the 
surface of cristae mitochondriales (Fig. 11, inset). 
Granular  electron-opaque masses may form in 
mitochondria which are morphologically indis- 
tinguishable from those of normal-appearing cells 
(Figs. 9 and 17). Between 16 and 24 hours, elec- 
tron-opaque intramitochondrial masses increase 
in size and at the latter time may appear confluent 
(Fig. 12, inset; Fig. 16). Concomitantly, the matrix 
of the mitochondria involved decreases in density 
and its normal fine reticular pattern (Fig. 7, inset) 
is lost (Figs. 12 to 16). Although the amount  of 
intramitochondrial accumulation of calcium phos- 
phate at 16 hours in midzonal and centrilob- 
ular cells varies greatly between individual 
cells, many cells at this time being free of elec- 
tron-opaque masses, all mitochondria are uni- 

formly involved within any single cell containing 
these deposits (Figs. 5, 11 and 12). With con- 
tinued calcium accumulation by the liver (Table 
I I ;  Fig. 18), however, mitochondria of almost 
all centrilobular cells increase in size, have 
highly rarefied matrices, and contain large spheri- 
cal or tubular shells of paracristal granular elec- 
tron-opaque masses (Figs. 14 to 16). 

The electron opacity of calcium-associated intra- 
mitochondrial matrix masses is qualitatively in- 
herent in their native composition and is not 
attributable to impregnation with osmium tetrox- 
ide during fixation, or to staining with lead ion 
(Figs. 18 to 20). Although the latter treatment 
may enhance their density, granular matrix 
masses in unstained osmium tetroxide-fixed tissues 
(Figs. 18 and 19) are almost as opaque as those 
in stained tissues, on the one hand (Figs. 11 to 
16), and in unstained, unosmicated, freeze-sub- 
stituted or freeze-dried tissue, on the other (Fig. 
20). Selected area electron diffraction of each of 
the mitochondria shown in Figs. 18 to 20 and 
other areas in the same sections failed to reveal 
that these masses are crystalline. The appearance 
of some of the masses suggests that they may, 
however, consist of radiating clusters of fine elec- 
tron-opaque fibrils or spicules (Fig. 11; Fig. 12, 
inset; Figs. 13, 14, 16, 18, and 20). 

The well ordered cytoplasmic membrane sys- 
tems of the smooth and granular endoplasmic 
reticulum normally found in centrilobular paren- 
chymal cells (Fig. 7) are also severely disrupted 
after poisoning (Figs. 8 to 10, 12) (24, 41, 42). 
This disruption is characterized by degranulation 
of the rough endoplasmic reticulum and conver- 
sion of both smooth and rough endoplasmic retic- 
u lum (Figs. 8 to 11) into large labyrinthine aggre- 
gates of closely packed smooth-surfaced tubules. 
Increased amounts of free ribosomes and finely 

FIGURE 11 Part of cytoplasm of midzonal parenehymal cells 16 hours after poisoning. 
Although mitochondria are denser than cytoplasm, normal matrix granules are absent. 
Small granular electron-opaque deposits of varying size are present within the mito- 
ehondrial matrix in close association with internal mitochondrial membranes. Loosely 
aggregated ribosomal complexes are present within the cytoplasm, some of which are in 
close association with the cisternae of the cndoplasmic reticulum. Non membrane-bound 
ribosomes are often smaller and less electron opaque than membrane-bound ribosomes. 
X 84,000. 

Inset. Six electron-opaque deposits are present upon the surfaces of cristae mitoehon- 
driales parallel to the plane of section. )< 3~,000. 
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granular material of smaller dimensions are pres- 
ent in intracellular areas depleted of endoplasmic 
reticulum (Figs. 8, 9 and 11) at 16 hours, and n o n -  
membrane-associated multiribosomal complexes 
within the cytoplasm of these cells are poorly 
organized (Figs. 8 to 16). In  spite of this severe 
disturbance of membrane systems of all centrilobu- 
lar cells at this time, mitochondria of most of these 
cells appear relatively normal (Fig. 8). Conversely, 
intramitochondrial electron-opaque deposits may 
be observed in midzonal cells with only slightly 
damaged granular endoplasmic reticulum (Fig. 
11). At 24 hours, however, granular debris is lost 
from the cytoplasm of centrilobular cells, the 
cytoplasmic matrix of these cells appears empty 
(Fig. 16), and calcium-associated electron-opaque 
masses are uniformly present within their mito- 
chondria (Fig. 6). 

In contrast, although the granular endoplasmic 
reticulum of periportal parenchymal cells is dis- 
persed throughout the cytoplasm, it is otherwise 
normal in appearance at 16 and 24 hours. In 
addition, increased numbers of well formed poly- 
ribosomal complexes are present within their cy:o- 
plasmic matrix (Fig. 17). 

Histochemistry 

Mitochondrial ATPasc activity, i.e., magne- 
sium-dependent ATPase, persists in calcium-rich 
centrilobular parcnchymal cells 24 hours after 
poisoning (Figs. 21 and 22). Indeed, its activity 
appears to be more intense than that secn peri- 
portally at this time (Fig. 23). This apparent 
increase in ccntrilobular ATPase activity is, how- 
ever, due to thc staining of preexisting cation- 
binding sites with lead ion in mitochondria of 
calcium-containing cells. This staining, which can 
be demonstrated by dipping the section momen- 
tarily into the incubation mcdium for mitochon- 
drial ATPase, increases in intensity only when 
magnesium is present during incubation, i.e., 
under conditions where mitochondrial ATPase is 

activated (Figs. 22 and 23). Thus, calcium itself 
does not appear to activate mitochondrial ATPase, 
and the increased lead staining which appears 
during incubation (Fig. 23) is attributable to the 
persistence of mitochondrial ATPase activity in 
calcium-containing cells. In contrast to the per- 
sistence of mitochondrial ATPase activity, glucose- 
6-phosphatase (Fig. 24), pyrophosphatase, and 
acid and alkaline phosphatase (Figs. 25 and 26) 
activities are suppressed centrilobularly at this 
time. 

Analytical 

Increases in liver calcium content following 
poisoning with carbon tetrachloride are associated 
with increased inorganic phosphate content (Table 
I). Normally present in liver in tenfold greater 
amounts than calcium (Table I), inorganic phos- 
phate almost doubles in amount  within 24 hours, 
when its content is equimolar with that of calcium. 
This change in inorganic phosphate content is 
quantitatively balanced by decreased phospho- 
protein content (Table I). As lipid phosphate and 
nucleic acid phosphate contents do not change in 
livers of poisoned animals, total liver phosphate 
contents are unchanged from those of controls. 

Although it would appear from Table I that 
increased inorganic phosphate is derived from the 
splitting of cellular phosphoproteins, tracer studies 
with inorganic Pa~-orthophosphate indicate it to 
be derived from serum inorganic phosphate (Table 
II).  Administered inorganic Pa2-orthophosphate, 
which reaches maximal specific activities in the 
serum within 1 hour (43), is rapidly incorporated 
into and retained by the liver inorganic phosphate 
in normal animals (Table II). Its incorporation 
into lipid phosphate, protein phosphate, and nu- 
cleic acid phosphate pools is slower, as indicated 
by the three-, five-, and twelvefold lower specific 
activities of these pools, respectively, 8 hours after 
administration of the label (Table II).  Massive 
influxes of calcium and altered phosphate distribu- 

FIGURE 1~ Part of nucleus and cytoplasm of midzonal parenchymal cell 16 hours after 
poisoning. Large spherical electron-opaque masses, ~000 to 4000 A in diameter and con- 
sisting of one or more concentric rings of electron-opaque granules, are present within the 
mitochondrial matrix adjacent to cristae. Density of mitochondria is equal to that of 
adjacent cytoplasulic matrix. Cytoplasmic membrane systems are disrupted. X 18,000. 

Inset. Large electron-opaque masses are closely associated with cristae. X 51,000. 
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tion following poisoning (Table II) do not alter 
these relationships. Thus the high specific activity 
of the inorganic phosphate accumulated to balance 
calcium following poisoning could not have been 
derived from cellular phosphoproteins with low 
specific activities. 

D I S C U S S I O N  

Electron-opaque masses which form within the 
matrix of liver cell mitochondria following poison- 
ing with carbon tetrachloride are in all probability 
sites of precipitation of markedly increased 
amounts of calcium and inorganic phosphate 
concentrated by mitochondria. These granular 
masses are morphologically identical with masses 
of calcium phosphate which form in isolated re- 
spiring mitochondria exposed to calcium and inor- 
ganic phosphate in vitro (2) and are similar in 
appearance to granular electron-opaque intra- 
mitochondrial deposits which are associated with 
hydroxyapatite masses formed in renal epithelial 
cells of parathormone-treated rats (9). After poi- 
soning, the site of initial deposition of electron- 
opaque masses within the matrix adjacent to 
cristae mitochondriales is in a locus similar to that 
of electron-opaque deposits which result from 
electron-histochemical demonstration of mito- 
chondrial ATPase activity (3, 44). 

Intramitochondrial  deposits of calcium phos- 
phate in livers of carbon tetrachloride-poisoned 
rats are morphologically and positionally distinct 
from electron-opaque matrix granules normally 
found in mitochondria (45). Normal matrix gran- 
ules consist of small (300 to 400 A), irregular, 
electron-opaque bodies which for the most part 
are unrelated to cristae mitochondriales and 
within which is present an array of 75-A electron- 

transparent subunits. Normal matrix granules 
disappear from mitochondria of some normal cell 
populations during physiological activity (46) 
and following cellular injury (47, 48). Indeed, in 
the case of the studies presented here, matrix 
granules normally present disappear from mito- 
chondria before the appearance of intramitochon- 
drial calcium-associated electron-opaque masses. 
Thus it does not appear that these latter masses, 
which arise in close association with the internal 
surfaces of the cristae mitochondriales following 
carbon tetrachloride poisoning, arise from ran- 
domly distributed matrix granules normally 
found in mitochondria. 

The accumulation of massive amounts of cal- 
cium by mitochondria isolated from livers of nor- 
mal rats is considered to be secondary to both 
electron transport-linked and the ATPase-linked 
intramitochondrial accumulation of inorganic 
phosphate (2, 4, 6). Similar processes may occur 
within the mitochondria of liver parenchymal cells 
following poisoning, as mitochondria of calcium- 
sequestering cells are capable of continuing res- 
piration (12) and retain their ATPase activity 
(Fig. 23), and the total liver inorganic phosphate 
(orthophosphate) rises to account for at least all 
increased calcium bound (Ca/P mole ratio = 
1.0, Table I). Although inorganic phosphate is 
actively accumulated metabolically by mitochon- 
dria under  these conditions (4, 6), the actual 
mechanism by which calcium accumulates is ob- 
scure (16, 49, 50). Normal liver mitochondria 
sequester up to twentyfold their initial calcium 
contents under  conditions (0-4°C) where meta- 
bolic processes are markedly slowed (16). Such 
binding, which has previously been attributed to 
calcium sequestration by phospholipid compo-" 

FIGURE 13 Small electron-opaque masses are closely adjacent to cristae of mitochondria 
in this midzonal liver parenchymal cell ~4 hours after poisoning. Larger masses are present 
in adjacent mitochondria. Polysomes are present in the adjacent cytoplasmic matrix. 
X 49,00O. 

Fm~mE 14 Some electron-opaque masses present in these mitochondria ~4 hours after 
poisoning are cylindrical and all are enveloped by cristae mitochondriales. Within the 
central parts of the mitochondrial matrix are irregular areas of slightly increased density. 
X 37,000. 

FI6URE 15 Mitochondrial matrix density is decreased to varying degrees in this cel 
~4 hours after poisoning. Denser mitochondria contain small electron-opaque masses 
which are closely associated with the eristae. Adjacent cytoplasm is disorganized, and 
labyrinthine tubular aggregates are present. )< 5~9,000. 
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nents of mitochondrial membranes (16, 49), is not 
known to be respiration linked or energy requir- 
ing, although calcium ion in low concentrations 
and in the absence of added phosphates affects 
mitochondrial respiration patterns (50). The 
simultaneous or sequential presentation of calcium 
and phosphate to respiring mitochondria, or of 
calcium together with ATP, may result in a con- 
dition where calcium, at first passively sequestered 
by the mitochondrial membranes, is transported 
into the interior of the mitochondrion and precipi- 
tates with metabolically concentrated inorganic 
phosphate in the mitochondrial matrix (2, 6, 50). 
Such a mechanism may operate in mitochondria 
which accumulate up to 500-fold their normal 
calcium contents in vivo (12) and in vitro (2, 5, 6). 

Calcium-associated electron-opaque masses 
which form in the mitochondria of liver cells of 
carbon tetrachloride-poisoned rats are most prob- 
ably precipitates of calcium phosphate, similar in 
composition to those observed in mitochondria in 
vitro by Rossi, Lehninger, and Greenawalt (2, 6). 
The fact that crystalline patterns of hydroxyapa- 
rite were not elicited upon selected area electron 
diffraction of the masses formed either in vivo 
(Figs. 18 to 20) or in vitro (2) does not necessarily 
mean that they are not hydroxyapatite crystals, 
but  that they may be present in amounts and 
concentrations below the limits of detection of the 
instruments employed. Caulfield (10), who was 
able to obtain hydroxyapatite electron diffraction 
patterns on cytoplasmic deposits in renal epithelial 
cells of parathormone-treated rats, was similarly 
unable to obtain evidence of crystallinity in the 
electron-opaque mitochondrial deposits in the 
same cells (51). In the face of such findings, the 
possibility that the intramitochondrial deposits 
are not hydroxyapatite must be considered. Amor- 
phous calcium phosphate deposits do not  give a 
crystalline electron diffraction pattern (52). Nor 

would one occur if the calcium and phosphate 
were deposited as an amorphous mineral-organic 
complex. Indeed, the finding that toluidine blue 
O, a cationic metachromatic dye with an affinity 
for the organic matrix of calcifying extracellular 
systems (40, 53), intensely stains calcium-associ- 
ated intramitochondrial deposits following poison- 
ing also suggests that these masses may have an 
organic calcium-binding component. 

Precipitates of calcium phosphate initially ap- 
pear in mitochondria which, although they have 
no normal matrix granules, are otherwise normal 
in appearance. As the amount  of precipitate in- 
creases, mitochondria become swollen, or degener- 
ate in appearance. These changes do not appear 
to be related as to cause and effect, however, as 
the amount  of precipitate found is not directly 
proportional to the degree of mitochondrial de- 
generation observed. Relatively normal-appearing 
mitochondria can contain massive calcium phos- 
phate deposits--particularly at early times after 
poisoning (Fig. 12)--while obviously swollen 
mitochondria may contain smaller deposits (Fig. 
15). When calcium ion in relatively high concen- 
tration ( > 10 -~ molar) is presented to mitochondria 
in the absence of phosphate, swelling, loss of po- 
tassium, and, ultimately, respiratory failure result 
(16, 49, 54-56). Simultaneous presentation of in- 
organic phosphate may tend to lessen the direct 
effect of calcium on mitochondrial structure and 
functions in vitro as calcium phosphate is deposited 
in the matrix (2, 4-6, 50). Normally calcium is 
present within the cell together with a large excess 
of inorganic phosphate (12.3 ~moles/gm) (Table 
I), and liver calcium content (1.0 ~mole/gm) is 
less than half that of serum calcium (2.5 ~moles/ 
ml). Progressive accumulation of calcium by the 
cell following poisoning with carbon tetrachloride 
equalizes intracellular calcium and inorganic 
phosphate contents (Table II) .  As a result, intra- 

FIGURE 16 Mitochondria of centrilobular parenchymal ceils 24 hours after poisoning 
are degenerate, with poor preservation of cristae and outer membranes. Granular electron- 
opaque masses within the matrix are large (4000 A) and are closely associated with the 
mitochondrial membranes. In matrix, irregular amorphous areas of slightly increased 
density (see also Fig. 13) are present centrally. X 34,000. 

Ftova~ 17 Part of cytoplasm of periportal parenchymal cell 24 hours after poisoning. 
Mitochondria appear normal. Normal matrix granules are present. Elements of rough 
endoplasmic reticulum are well granulated. Numerous polysomes are seen within the 
cytoplasmic matrix. X 40,000. 
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FIGUaE 18 Electron-opaque intramitochondrial ma- 
trix granules in livers of rats, ~4 hours after poisoning, 
in unstained sections are similar to those in sections 
stained with lead citrate (Figs. 11, l~, 14 and 16). 
X 58,000. 

FIGURE 19 The appearance of electron-opaque intra- 
mitochondrial masses, at ~4 hours after poisoning, in 
tissues freeze-substituted in acetone containing 1 per 
cent OsO4. Section is not stained with lead. X 58,000. 

FIGURE ~20 Electron - opaque intramitochondrial 
masses, at ~4 hours after poisoning, in tissues freeze- 
substituted in acetone. Section is unstained. A fine 
pattern of electron-opaque fibrils within the masses 
can be observed. X 58,000. 
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FIGURES ~1 TO ~8 Liver of rat ~4 hours after poisoning. 
Fresh-frozen serial sections, 8/z. (680 /zg Ca/gm liver.) 
X 100. 

Fig. ~1. Calcium is massively increased in all 
centrilobular parenchymal cells. Alizarin red S staining. 

Fig. ~ .  Centrilobular "mitochondrial ATPase" 
activity is due to lead binding--presumably by in- 
creased inorganic phosphate accumulated in vivo--in 
cells with increased calcium contents. Similar "mito- 
chondrial ATPase" activities are obtained by momen- 
tarily dipping the section in the incubation medium. 
ATPase (pH 7.4) without additions. 

Fig. ~3. Magnesium-dependent, ~, 4-dinitrophenol- 
stimulated mitochondrial ATPase is present both 
periportally and in centrilobular cells with increased 
calcium contents. Denser centrilobular precipitates of 
lead phosphate may be due to the superimposition of 
mitochondrial ATPase activity in cells with already 
increased inorganic phosphate contents. ATPase (pH 
7.4) with 10 -2 M MgSO4 and 5 )< 10 -4 M ~,4-DNP 
added. 
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FIGURES ~4 TO ~6 Liver of rat  ~4 hours after poisoning. 
Glucose-6-phosphatase (Fig. 24), alkaline phosphatase 
(Fig. 25), and acid phosphatase (Fig. ~6) activities are 
decreased centrilobularly. Lead staining in centrilobular 
areas in Figs. ~4 and ~5 is in mitochondria of calcium- 
rich cells, l~resh-frozen 8-# sections. X 60. 
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T A B L E  II  

Comparison oJ Pattern of Inorganic p3~ Incorporation into Phosphates of Livers of Carbon 
Tetrachloride-Poisoned Animals with the Pattern in Control Animals 

Controls were fed mineral oil, and experimentals were given carbon tetrachloride 
24 hours before sacrifice. Sixteen hours after feeding, at a time corresponding to 
the onset of maximal rates of calcium sequestration by livers of experimental 
animals (12), 200/zc Na2HP~O4 was administered intraperitoneally. 

Calcium and inorganic phosphate contents 
of control and experimental animals 

Specific activity of phosphate 

Liver 
Scrum 

Inorganic Protein Total  inorganic 

tzmole/mg N cpm/ml,~mole P04 

Control no. 1 21.3 3.1 7.1 9.9 
(Ca = 0.030; PO4 = 0.28) 

Control no. 2 21.2 2.9 6.3 9.7 
(Ca = 0.035; PO4 = 0.32) 

Experimental  no. 1 25.0 
(Ca = 0.47; PO4 = 0.38) 

Experimental no. 2 22.8 
(Ca = 0.50; PO4 = 0.44) 

4.4 6.9 7.8 

4.7 8.7 8.8 

cellular inorganic phosphate contents may become 
limited. Exhaustion of inorganic phosphate in cells 
which continue to be permeable to calcium would 
be expected to result in disruption of mitochon- 
drial structure and function owing to the presence 
of excess calcium. As liver parenchymal cells 
which begin to accumulate calcium at different 
times after poisoning are in different states of 
cytoplasmic degeneration, such changes may re- 
flect different degrees of loss of cytoplasmic inor- 
ganic phosphate within the cell prior to calcium 
uptake. 

In addition to the direct effects of calcium and 
inorganic phosphate on mitochondria, their up- 
take by mitochondria within the cell would result 
in a decreased net synthesis of high energy phos- 
phate compounds (6, 57). A T P  contents are 
markedly decreased in livers of carbon tetrachlo- 
ride-poisoned rats (58). Failure of mitochondrial  
production of A T P  would be expected to com- 
promise energy-requiring synthetic functions 
necessary for cell survival, and eventually com- 
plete exhaustion of A T P  would result in aggrava- 
tion of calcium- and inorganic phosphate-induced 
mitochondrial alterations (16, 49, 54-57). Owing 
to the fact that isolated mitochondria require 
A T P  for the accumulation of calcium and phos- 
phate in vitro (6, 57), the exhaustion of intracellular 
ATP  contents may also be a regulatory factor in 

the eventual size of the mitochondrial electron- 
opaque masses observed within cells in vivo. 

Although calcium appears to be primarily re- 
sponsible for the mitochondrial  lesion in carbon 
tetrachloride poisoning, its entrance into the cell 
is secondary to altered plasma membrane perme- 
ability. Damaged function of this vital structure, 
either as a result of direct attack of the hepatotoxin 
(20) or indirectly through destruction of the pro- 
tein synthetic properties of the granular endo- 
plasmic reticulum (41) or ATP depletion would 
tend to result in an increased permeability of the 
membrane to calcium. 

Quanti tat ively balanced decreases in phospho- 
protein and increases in inorganic phosphate 
contents of liver following carbon tetrachloride 
poisoning do not appear to be directly related. 
Inorganic phosphate which accumulates in livers 
of experimental animals is derived from serum 
inorganic phosphate, as indicated by its relatively 
high specific activity (Table II).  This is in contrast 
to the low specific activity expected were it de- 
rived directly from the splitting of cellular phos- 
phoproteins. Since microsomal and nuclear frac- 
tions of normal liver are particularly rich in 
phosphoproteins (31 and 34 /zmoles PO4 per gm 
protein, respectively), degranulation of the rough 
endoplasmic reticulum (41, 42), formation of 
labyrinthine aggregates of smooth-surfaced tubules 
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from components of the endoplasmic reticulum 
(Fig. 8), and nuclear alterations (Fig. 6) may be 
due, in part, to splitting of phosphoproteins nor- 
mally present. 

The presence of a magnesium-activated, 2,4- 
DNP-st imulated mitochondrial  ATPase activity 
in normal liver (27) and its persistence following 
carbon tetrachloride poisoning (Fig. 12) is in di- 
rect contrast to the shift from a 2 ,4 -DNP-  to a 
magnesium-activated ATPase observed in mito- 
chondria isolated from livers of poisoned animals 
(17). Morphologic (59) and compositional (49) 
alterations resulting from the procedure employed 
to isolate mitochondria would tend to compound 
the mitochondrial lesion observed within intact 
cells and may account for the apparent shift in 
the properties of mitochondrial ATPase activity. 
Conversely, the presence of lead ion (3 × 10 -3 M) 
in the medium used for the histochemical deter- 
mination of mitochondrial ATPase activity may 
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